A one-step, non-contact pattern transfer method by direct-current plasma immersion ion implantation is demonstrated. Complex patterns with micrometre-size linewidths can be transferred onto a silicon wafer by placing the metal masks 4 mm away from the wafer. Scanning electron microscopy reveals that by negatively biasing the metal mask, ions coming from a hole with a diameter of 200 µm in the mask can be confined to a smaller region of 100 µm. The ion focusing effect is confirmed by two-dimensional multiple-grid particle-in-cell simulation.
Introduction
A one-step, non-contact pattern transferring method based on long-pulse plasma immersion ion implantation (PIII) has been recently proposed [1] . Ions can be focused by the plasma sheath but specific patterns are hard to transfer since the ion sheath is dynamic [2, 3] . In this method, specific images with well-defined boundaries are simultaneously transferred to a substrate by PIII through a patterned metal mask. The metal mask is 6 cm away from the substrate and it is truly a non-contact process and no electrostatic optics is needed [4] . It has been revealed that smoothing of the electric field at the pattern opening by overlapping a fine mesh on top of it is essential to achieving clear images with sharp boundaries. The technique is different from conventional ion beam technology [5] [6] [7] because electric field confinement is maintained until the ions hit the target. In the previous work, centimetre-size patterns were tested. In this work, the potential application of this method is demonstrated by experimentally transferring patterns with micrometre linewidths to a silicon wafer and corroborated by theoretical simulation. 3 Authors to whom any correspondence should be addressed.
Experimental setup
The patterns are transferred using the PIII [8, 9] system installed in the Plasma Laboratory of City University of Hong Kong [10] .
The system consists of a stainless steel plasma discharge chamber (φ600 mm × 300 mm) and a stainless steel plasma diffusion chamber (φ760 mm × 1030 mm). The background pressure can reach 7 × 10 −6 Torr using a turbo pump and a mechanical pump. Four radio frequency (RF 13.56 MHz) planar inductive coils are located symmetrically above the plasma discharge region and connected to a matching box. RF power between 0 and 2 kW is coupled to the plasma discharge chamber via four pancake inductive antennas through four independent planar quartz windows. Negative high voltage pulses are applied to the metal sample stage by a 100 kV power supply and a 300 A PowerMod™ solid state modulator from Diversified Technologies Inc. through a ceramic high voltage feedthrough underneath the plasma diffusion chamber. The feedthrough is connected to a steel cylindrical sample stage with a height of 55 mm and a diameter of 160 mm supported by a metal rod with a diameter of 10 mm. To conduct direct-current plasma immersion ion implantation (dc-PIII), the high voltage sample stage and the supporting voltage feedthrough rod are shielded from the plasma by a metal cage made of aluminium [11] . The metal cage consists of a cylindrical tube 2 mm thick with a top cover. A hole with a radius of 100 mm is opened at the centre of the top cover allowing the plasma to enter the underlying metal mask. In the pattern transfer experiments, a metal mask with different patterns was placed on top of the sample stage without direct contact. A 6 mm thick Teflon ring was inserted between the metal mask and the sample stage. The metal mask was further insulated from the grounded top cover by another 8 mm Teflon ring such that the metal mask could be negatively biased. The schematic of the experimental setup is depicted in figure 1 . We will show later that the linewidths of the implanted images can be controlled by applying a negative bias voltage to the metal masks.
Four complex patterns with an area of 1 × 1 cm 2 were mechanically cut into a stainless steel mask with a diameter of 10 cm from MasterCut Technologies, Australia. For demonstration purposes, the northeast corner of the pattern was a mask of Darth Vader, the northwest corner consisted of four letters 'USYD' (standing for the University of Sydney), the southwest corner was an Australian flag and the southeast corner was an electronic circuit as depicted in figure 2(a). The Darth Vader was constructed by regularly spaced small holes with a diameter of 200 µm. The separation between the hole centre was 400 µm. The linewidth of the circuit was 140 µm and the linewidth of the letters was 0.5 mm. The patterns were covered by a very fine mesh made of Ni, 2000 mesh per inch and 5 µm wire diameter from SPI Supplies, USA. The scanning electron microscopy (SEM) picture of the fine mesh downloaded from the SPI website is depicted in figure 1 . The mesh was very thin and soft. It was sandwiched by two identical masks of thickness of 0.2 and 0.3 mm. For easy handling, the sandwiched metal masks with a combined thickness of 0.5 mm were screwed to a larger stainless steel ring with a thickness of 3 mm, as depicted in figure 1 . The distance between the sample stage and the metal masks after subtracting the thickness of the nods was 4 mm. The negative voltage was applied to the metal mask via a copper wire.
The chamber was pumped down to around 5.0×10 −5 Torr. Argon gas was bled into the chamber at a flow rate of 10.0 sccm to establish a working pressure of 1.2 × 10 −3 Torr. The argon plasma was generated by matching 1 kW of RF power into the inductive antennas. The reflected power was less than 100 W. The plasma density was estimated to be between 3.0 × 10 9 and 5.0 × 10 9 cm −3 from previous probe measurements [10] . A dc voltage of −4 kV was applied to the sample stage for 30 min. A silicon wafer with a size of around 2 × 2 cm 2 was placed on top of the sample stage.
Results

Digital camera images
The images transferred to the silicon wafer were taken by a digital camera as shown in figure 2. The contrast arose from sputtering effects of the surface native SiO 2 with a thickness between 60 and 120 nm by Ar + ions. When the metal mask was grounded, buried images were observed as depicted in figure 2(b). The linewidth of the four letters 'USYD' was widened to be more than 0.5 mm. When we applied −500 V to the metal mask such that ions were pre-accelerated, clearer images were observed as depicted in figure 2(c). The line width of the letters was reduced to 0.5 mm. When we biased the metal mask by −1 kV, clear images were observed as shown in figure 2(d) . However, the line width of the letters was larger than 0.5 mm.
SEM images
SEM (JEOL JSM-820, 20 kV accelerating voltage, working pressure of around 1 × 10 −4 Pa) photos taken from the northeast corner of the Darth Vader mask using 20 and 100× magnification are displayed in figure 3 . As shown in figures 3(a) and (d), buried spots can be observed and they overlap with each other when the metal mask is grounded. When the metal mask is biased to −500 V, tiny spots with a size of around 100 µm can be observed (figures 3(b) and (e)). However, if the metal mask is further biased to −1 kV, bigger spots larger than 100 µm are obtained (figures 3(c) and (f )). Moreover, secondary spots can be observed next to the primary ones, as illustrated by figure 3(f ) . Our results thus disclose that the ions can be 'focused and over-focused' by applying a negative bias to the metal mask. Although the treatment time is the same (30 min) for each sample, the ion fluences received by the samples are not the same. The ion flux passing through the metal mask is the highest for a bias of −1 kV, followed by −500 V, and the smallest is with zero bias. Therefore, the meshes observed in figures 3(a) and (d) are not simply overexposed Gaussian beams. Moreover, over-exposed Gaussian beams cannot generate secondary spots shown in figure 3(f ) .
Particle-in-cell (PIC) simulation
To investigate the focusing effects generated by the negative bias applied to the metal masks, two dimensional multiple-grid PIC [12] simulation is conducted [13, 14] . An area of 1 mm width and 60 mm length is simulated. The area is divided into two regions, i.e. the top region starting at the metal mask from 4 mm and extending into the bulk plasma at 60 mm and the bottom region starting at the sample stage to the end of the metal mask of 4 mm. In the bottom region, a cell size of 20 µm along the x direction and 0.1 mm along the y direction is used. In the top region, a larger cell size of 40 µm along the x direction and 0.2 mm along the y direction is employed. The mask with a thickness of 0.3 mm faces the sample stage and is included in the bottom region, whereas the mask with a thickness of 0.2 mm faces the bulk plasma region and is included in the top region. A gap 120 µm wide is opened in the middle of the masks and a fine mesh is sandwiched between the masks. The mesh is relatively thin and can be considered as a line in the simulation. For simplicity, when PIC ions pass through it, the ion density is not reduced. 30×30 PIC particles are evenly inserted in each (large) cell in the top region at the beginning. An argon plasma density of 3×10 9 cm −3 , a plasma potential of 50 V and thermal electron temperature of 2.5 eV are adopted in the simulation. The bottom boundary of the bottom region is connected to the sample stage with a bias of −4 kV. A mirror symmetry is applied to the left and right boundaries assuming the edges of the sample and mask being far away. The space potential in the top region is solved by iterating the finite difference equation incorporating Poisson's formula with a Boltzmann distribution of electrons [15, 16] through successful over relation (SOR) [17] . The SOR factor is 0.95. The Bohm velocity of 2447 m s −1 is given to the PIC ions drifting towards the metal masks. Plasma generation is not considered in the simulation but the PIC ions will be refilled at the first layer cells of the top region assuming that ions drift from the pre-sheath [18, 19] . The time step used is 7.17 × 10 −11 s such that any PIC ions cannot move more than 10 µm with a full kinetic energy of 4 keV. The PIC ions are refilled for every 38 time steps. When a dc bias of −4 kV is applied to the sample stage, plasma electrons are attracted to the metal mask and so the thermal electrons density is set to zero in the bottom region. The potential contour, ion density distributions at 25 µs, and the accumulated ion doses implanted into the samples are exhibited in figure 4 . The ion density distribution at the bottom region when the metal masks are biased to 0 V, −500 V and −1 kV, are shown in figures 4(d) to (f ). The results show that the incoming ions from the grounded masks have a wide spread and are implanted into a length of 400 µm ( figure 4(d) ). However, when the metal masks are biased to −500 V, the incoming ions are confined and implanted into a length of 80 µm ( figure 4(e) ). When the metal masks are biased by −1 kV, the ion beam looks wider comparing figure 4(e) and the ions are implanted into a length of 80 µm ( figure 4(f ) ). The accumulated ion doses are shown in figures 4(g) to (i) when the masks are biased to 0 V, −500 V and −1 kV. The ion doses are evenly distributed along a length of 400 µm ( figure 4(g) ). When the masks are biased to −500 V, the ions are confined to a length of 80 µm with a bell-shape distribution ( figure 4(h) ). As shown in figure 4(i) , when the masks are biased to −1 kV, although the ions are also confined to a length of 80 µm, the distribution is narrower with a smaller full-width at half-maximum (FWHM).
The ion density contour plot in figure 4 looks like a number of 'snapshots' on the vertical axis. This is typical in particle simulation because the physical quantity, i.e. ion density, is discrete for the PIC particles. The discontinuity only shows up along the vertical y-axis implying that the PIC particles are accelerated much faster in the vertical direction than the horizontal direction. The discontinuity in the ion density does not affect the accuracy of the calculated accumulated ion fluence distribution, since it is assumed that the ion density is small enough between the metal masks and the sample such that ions do not repel each other and change the trajectories [1] . The discontinuity can be solved by inserting more PIC particles along the y-axis.
Discussion
The simulation results confirm the experiments that the ions can be confined by biasing negatively the metal mask. However, when the bias is −1 kV, the SEM photos do not reveal a sharper and confined implanted area as predicted by the simulation. Moreover, the SEM photos show secondary spots. We believe that this is caused by the metal masks with slightly uneven thicknesses and being bended. At a bias voltage of −1 kV and plasma density of 3 × 10 9 cm −3 , the Child Law sheath at the steady state established between the metal masks and the bulk plasma is around 1.5 cm [20] . It is believed to significantly enhance the out-focusing effect caused by the deformed metal masks. The secondary spots may be caused by slightly non-parallel metal masks. With slightly mismatched metal masks, ions can probably be confined to two different spots and this effect can be enhanced by a thicker dc sheath. The observed secondary spots will be further investigated.
Conclusion
Complex patterns with micrometre-size linewidths have been successfully transferred onto a silicon wafer by placing the metal masks 4 mm away from the wafer. SEM images reveal that ions coming from a hole with a diameter of 200 µm in the mask are confined to a smaller region of 100 µm when the metal masks are biased to −500 V. Secondary spots are observed when the masks are biased at −1 kV. PIC simulation confirms the experimental observation that the ions can be confined by biasing the metal mask negatively but fails to predict the secondary spots at a bias voltage of −1 kV.
